Introduction
The Notch family of receptors and its ligands are cell surface proteins that regulate cell fate determination through direct cell-cell interactions. In vertebrates, there are 4 Notch genes (Notch1-4) and 2 families of ligands, Jagged (Jagged1, 2) and 3, 4) (1, 2) . Notch signaling modulates the ability of cells to respond to extracellular cues. The finding that genes of the Notch signaling cascade are robustly expressed in the vasculature suggests that Notch signaling guides endothelial cells and associated mural cells through the cell fate decisions needed to form and maintain the vascular system. In fact, embryos nullizygous for components of the Notch signaling cascade (Notch1, Notch1/Notch4, Sel-10, presenilin 1/2, and jagged 1) die midgestation due to defects in vascular remodeling (3) (4) (5) (6) (7) . Similarly, embryos in which Notch4 signaling has been activated within the endothelium die at E10.5 with severely disorganized vasculature (8) .
Notch regulates cell fate decisions by altering patterns of gene expression. Upon ligand activation, the cytoplasmic domain of Notch is proteolytically released and translocates to the nucleus, where it interacts with the CBF1/suppressor of hairless/Lag-2 (CSL) transcriptional repressor and converts it to a transcriptional activator (9, 10) . The hairy enhancer of split (HES) and HES-related protein (Hey) families of transcriptional repressors are direct targets of Notch/CSL-dependent signaling (11, 12) . Disruption of Notch or the Hey2 homolog, gridlock, results in a loss of ephrin-B2 expression in the endothelial cells of the dorsal aorta of zebrafish (13) (14) (15) . In primary human endothelial cell cultures, Notch activation upregulates the expression of HES1, Hey1, and Hey2 as well as ephrin-B2 (16) . In mice nullizygous for Hey1 and Hey2, ephrin-B2 expression is lost in the aorta, demonstrating a conserved function for Hey proteins in regulating ephrin-B2 (17) . Thus in endothelial cells, Notch may regulate ephrin-B2 expression through the induction of Hey1 and Hey2. Notch also signals via a CSL-independent pathway that is poorly understood (18) .
The VEGFR family is composed of 3 type I tyrosine kinase receptors that regulate angiogenesis and lymphangiogenesis (19) . Among these, VEGFR-3 selectively promotes lymphangiogenesis. Transgenic mice that mis-express the VEGFR-3 ligand, VEGF-C, in skin develop aberrant lymphatic vessels (20) . In experimental tumors, VEGF-C overexpression also correlated with the development of lymphatic metastases (21) (22) (23) . In fact, expression of a VEGFR-3 antagonist can block lymph node metastasis of aggressive metastatic lung cancer cells (24) . Thus VEGFR-3 clearly functions to regulate both physiological and pathological lymphangiogenesis.
However, VEGFR-3 function has also been shown to be essential for embryonic angiogenesis. Embryos nullizygous for VEGFR-3 die at E9.5 due to defects in remodeling of the primary vessel networks (25) . These VEGFR-3 nullizygous embryos die prior to the initiation of lymphangiogenesis, demonstrating a distinct role for VEGFR-3 signaling in angiogenesis. In breast carcinomas, VEGFR-3 expression was upregulated in the endothelium of tumor blood vessels, while VEGF-C was expressed in the intraductal and invasive cancer cells (26, 27) , supporting a role for VEGFR-3 in tumor angiogenesis as well as lymphangiogenesis. The promoter of the VEGFR-3 gene contains elements that drive VEGFR-3 expression specifically to blood endothelial cells (BECs) and lymphatic endothelial cells (LECs) (28) . However, little is known of the mechanisms that regulate expression of VEGFR-3.
To investigate the molecular mechanisms by which Notch regulates vascular development, we determined the effects of Notch signal activation on the expression of angiogenic ligands and receptors using 3 human primary endothelial cells lines (human umbilical venous endothelial cells [HUVECs] , human arterial endothelial cells [HUAECs] , and human microvascular endothelial cells [HMVECs] ). Notch induced VEGFR-3 transcripts and protein in all endothelial cell lines. Notch-mediated transactivation of VEGFR-3 promoterluciferase reporters in endothelial cells required the Notch/CSL binding sites. Using chromatin immunoprecipitation (ChIP) assays, we found that the Notch/CSL complex binds and transactivates the VEGFR-3 promoter, providing evidence that the VEGFR-3 gene is a direct transcriptional target of Notch. Via induction of VEGFR-3, Notch signaling made endothelial cells more responsive to VEGF-C and promoted endothelial cell survival and morphological changes. VEGFR-3 was upregulated by Notch activation within the embryonic endothelium. Mice doubly heterozygous for Notch1 and VEGFR-3 had greater than 50% reduced viability, and E9.5 double mutant embryos displayed severe vascular defects. In adult vasculature, Notch1 and Notch4 were coexpressed with VEGFR-3 in the angiogenic vessels of the ovary and vasculature of the dermis and invasive mammary micropapillary carcinomas (IMCs). Finally, we demonstrated that Notch proteins are expressed in the lymphatic endothelium in vivo and an activated form of Notch1 is present in extratumoral LECs of IMCs.
Results

Notch upregulates VEGFR-3 in primary human endothelial cells. To iden-
tify genes regulated by Notch in endothelial cells, we worked with 3 primary endothelial cell lines, HUVECs, HUAECs, and HMVECs. HUVECs and HUAECs are isolated from specialized large vessels, while HMVECs are derived from dermal capillaries and composed of both BECs and LECs (29) .
A naturally occurring active allele of Notch4 (N4/int-3) was used to activate Notch signaling within these primary endothelial cell lines. N4/int-3 encodes 30 amino acids upstream of the transmembrane domain and the entire cytoplasmic domain of Notch4 ( Figure 1A) . We chose to activate Notch4 signaling, as it is highly expressed in the embryonic endothelium (30) . HUVECs, HUAECs, and HMVECs were infected with adenoviruses encoding either N4/int-3 (Ad-N4/ int-3) or LacZ (Ad-LacZ), cells were plated in complete medium, and total RNA or protein was isolated 24 hours later. N4/int-3 protein was ectopically expressed in Ad-N4/int-3-infected HUVECs, HUAECs, and HMVECs ( Figure 1B ). N4/int-3 transactivated an engineered CSL reporter encoding 6 CSL binding consensus sequences upstream of the luciferase gene in all 3 endothelial lines, confirming that Notch4 signaling transactivates CSL in endothelial cells ( Figure 1C ). Quantitative RT-PCR (qRT-PCR) was performed to determine if Notch4 activation affected the expression of the Notch target genes of the HES and Hey families or the angiogenic factors and receptors of the ephrin/Eph, Tie, VEGF families ( Figure 1D and Table 1 ). Although variable in the different endothelial cell lines, Notch4 signal activation induced several established direct Notch transcriptional targets, HES1, HES5, Hey1, Hey2, and HeyL (Table 1 ). All cell lines expressed VEGFR-1, VEGFR-2, and Tie-2, although Notch activation did not dramatically affect the levels of expression ( Figure 1D ). Tie-1 was not expressed in any of the endothelial cell lines and was not induced by Notch (data not shown). Strikingly, Notch induced VEGFR-3 transcripts 20- to 55-fold in venous, arterial, and capillary endothelial cells ( Figure 1D ). Notch did not affect the expression of either VEGF-C or VEGF-D and only moderately upregulated VEGF-A expression in HUAECs (Table 1 and data not shown).
We next determined if ligand-mediated Notch4 signaling also induced VEGFR-3. HUVECs were infected with Ad-Notch4, AdJagged1, Ad-Dll4, or Ad-LacZ and cocultured for 48 hours, and the RNA was isolated. Cocultures containing either Jagged1- or Dll4-expressing HUVECs mixed with Notch4-expressing HUVECs resulted in the induction of VEGFR-3, Hey1, and Hey2, as determined by qRT-PCR ( Figure 1 , G and H, respectively). Thus ligandmediated Notch4 signal activation also induced VEGFR-3.
We then determined if the induction of VEGFR-3 mRNA by Notch4 correlated with an increase in VEGFR-3 protein. HUVECs, HUAECs, and HMVECs were infected with either Ad-LacZ or Ad-N4/int-3, and 48 hours after infection, cells were surface biotinylated, biotinylated proteins were purified, and immunoblotting was performed ( Figure 1E ). In culture, all primary endothelial cell lines expressed a low level of VEGFR-3. N4/int-3 upregulated the expression of VEGFR-3 at the cell surface of all 3 endothelial cell lines.
In the mouse, both Notch1 and Notch4 function in embryonic vascular development (4) . Therefore, we asked if Notch1 could also upregulate VEGFR-3. To activate Notch1 signaling, an adenovirus encoding the constitutively active human Notch1 intracellular domain (Ad-N1IC; Figure 1A ) was used to infect HUVECs and HMVECs. Twenty-four hours after infection, Ad-N1IC- Ad-N4/int-3-, and Ad-LacZ-infected endothelial cells were surface biotinylated, biotinylated proteins were purified, and immunoblotting was performed ( Figure 1F ). Both Notch1 and Notch4 signaling upregulated VEGFR-3 to a similar level. Notch1-mediated induction of VEGFR-3 also occurred at the level of transcription as Notch1 signaling upregulated VEGFR-3 transcripts (data not shown). VEGFR-3 has been shown to function in both angiogenesis and lymphangiogenesis (20, 25) . The Notch-mediated induction of VEGFR-3 in HUVECs and HUAECs established that Notch signaling regulates VEGFR-3 expression in BECs. We next sought to determine if Notch induced VEGFR-3 in the BEC and LEC components of HMVECs. BECs purified from HMVECs (29) were infected with Ad-N1IC, Ad-N4/int-3, or Ad-LacZ. The following day, Ad-infected BECs were analyzed by FACS for VEGFR-2 and VEGFR-3 expression. The percentage of cells expressing VEGFR-2 remained unchanged between LacZ, N1IC, and N4/int-3-expressing BECs (77.31%, 78.34%, and 79.76% respectively; Figure 1I ). In contrast, Notch1 and Notch4 signaling increased the percentage of VEGFR-3-expressing BECs (LacZ, 40.08%; N1IC, 76.71%; N4/int-3, 70.61%; Figure 1I ). FACS analysis was also performed on LECs infected with Ad-N1IC, Ad-N4/int-3, or Ad-LacZ. Notch signal activation did not alter the percentage of LECs positive for VEGFR-3 (data not shown), consistent with the fact that the majority of LECs already express high levels of VEGFR-3 (29) .
Notch/CSL complex binds and activates VEGFR-3. The induction of VEGFR-3 by Notch occurred within 24 hours of the adenoviral infection, suggesting that VEGFR-3 was a direct target of Notch/ CSL transactivation. There are 4 putative CSL binding sites upstream of the transcriptional start site of the murine VEGFR-3 gene ( Figure 2A ). Previous studies have shown that murine VEGFR-3 reporter constructs that encode 3 of the 4 CSL binding sites are strongly expressed in cultured murine brain endothelial cells and the developing lymphatic and blood microvascular endothelium in vivo (28). Thus we designed 2 murine VEGFR-3 luciferase reporter constructs encoding bases -1116 to -45 (mFlt4p 1116-45 ) or bases -1116 to -444 (mFlt4pΔ 1116-444 ) of the VEGFR-3 upstream regulatory region ( Figure 2A ). The VEGFR-3 reporters were introduced by lipofection into Ad-GFP- and Ad-N4/int-3-infected HUVECs, HMVECs, or HeLa cells and luciferase activity determined 24 hours later. N4/int-3 transactivated the mFlt4p 1116-45 reporter 5-fold in HUVECs and nearly 8-fold in HMVECs ( Figure 2B ). In HeLa cells, N4/int-3, which transactivated the CSL reporter (data not shown), did not induce the mFlt4p 1116-45 reporter. In HMVEC, the mFlt4pΔ reporter that encodes the 4 CSL binding sites retained Notch responsiveness ( Figure 2C ). In the control Ad-GFP-infected HMVECs, the mFlt4pΔ 1116-444 reporter had higher basal activity than the mFlt4p 1116-45 reporter ( Figure 2C reporters were introduced into Ad-LacZ- and Ad-N4/int-3-infected HMVECs. N4/Int-3 transactivated the wild-type mFlt4p 1116-45 reporter 5.5-fold and the mutant mFlt4p 1116-45 reporter only 1.4-fold relative to the Ad-LacZ control ( Figure 2D ). In the Ad-LacZ-infected HMVECs, the mutant mFlt4p 1116-45 reporter had higher basal activity than the wild-type reporter, consistent with a loss of CSL transcriptional repression (data not shown).
The 5′UTR of the human VEGFR-3 gene encodes 9 putative CSL binding sites within 4 kb of the initiating ATG. To evaluate the activity of a subset of the human CSL binding sites, we constructed 2 human VEGFR-3 luciferase reporters, one encoding 3 CSL binding sites hFlt4p 1586-928 and the other encoding 2 CSL binding sites hFlt4p (Figure 2A ). Reporter plasmids hFlt4p 1586-928 , hFlt4p , and mFlt4p 1116-45 were introduced into HMVECs that were infected with either Ad-LacZ or Ad-N4/int-3 and luciferase reporter assays performed the following day. The human hFlt4p 1586-928 reporter was induced 13-fold by Notch4 activation, similar to the mouse mFlt4p 1116-45 reporter (15-fold; Figure 2E ). The hFlt4p reporter was induced nearly 3-fold less than the hFlt4p reporter, consistent with this reporter containing 1 less CSL binding site. Therefore, the upstream promoters of both human and mouse VEGFR-3 genes contain Notch-responsive CSL elements.
To demonstrate that the N4/int-3 transactivation occurred via a direct interaction between the Notch/CSL complex and VEGFR-3 promoter, ChIP assays were performed. After crosslinking of protein and DNA, cell lysates from Ad-LacZ-, Ad-N1IC-, or Ad-N4/int-3-infected HMVECs were subjected to immunoprecipitation with antibodies against N1IC, N4/int-3, or CSL. The 5′UTR of the human VEGFR-3 gene contains multiple repetitive elements, making it difficult to amplify by PCR (ref. 28 and data not shown). Thus we chose primers that flank 3 CSL binding sites (-3818, -3687, and -3456) outside of the repetitive elements to amplify the precipitated DNA. PCR products were specifically amplified from N1IC and N4/ int-3 lysates precipitated with antibodies against N1IC or N4/int-3 ( Figure 2F ). A PCR product was detected from the LacZ lysate immunoprecipitated with an antibody against CSL, consistent with CSL being bound to the VEGFR-3 promoter in the absence of Notch ( Figure 2F ). PCR products were not amplified from lysates precipitated with nonspecific IgG. The Notch/CSL transcriptional activation complex includes histone acetylases, such as p300 and CBP (31) . PCR products were detected from N1IC and N4/int-3 lysates precipitated with antibodies against acetylated histone 3 (H3; Figure 2F ), suggesting that the Notch/CSL complex is functional on the VEGFR-3 promoter.
Notch promotes VEGF-C-mediated HUVEC survival. Previous studies have separately implicated Notch and VEGFR-3 signaling in the promotion of endothelial cell survival (32) (33) (34) (35) . Because Notch signaling induced VEGFR-3, we hypothesized that Notch signaling may promote cell survival in response to the VEGFR-3 ligand, VEGF-C. For these studies, populations of stable HUVEC lines were generated by retroviral transduction with either an empty retroviral vector (HUVEC/X) or a retrovirus encoding N1IC (HUVEC/N1IC). HUVEC lines were plated at confluency on a type I collagen in complete medium. After 7 days, total RNA was isolated and qRT-PCR performed to determine the expression of the VEGFRs, VEGFR-2 and VEGFR-3 ( Figure 3A) . Consistent with previous studies (32, 36), VEGFR-2 was downregulated by Notch, while VEGFR-3 was strongly induced in the HUVEC/ N1IC relative to HUVEC/X. FACS analysis of the HUVEC lines using antibodies against VEGFR-2 and VEGFR-3 confirmed that the protein levels were also altered in response to Notch activation ( Figure 3B ). Thus Notch signal activation dramatically changed the expression pattern of the VEGFRs in HUVECs.
To determine whether Notch-mediated VEGFR-3 signaling promoted endothelial cell survival, HUVEC/X and HUVEC/N1IC were infected with Ad-LacZ, Ad-VEGF-A 165 , or Ad-VEGF-C and plated at subconfluency in complete medium containing serum and growth factors. After 6 days, HUVEC viability was ascertained by a WST-8 assay that measured dehydrogenase activity. Relative to the LacZ-expressing HUVEC/X, exogenous VEGF-A or VEGF-C promoted endothelial cell viability of HUVEC/X by 8.8- and 3.5-fold, respectively ( Figure 3C ). HUVEC/N1IC numbers were reduced 1.5-fold in response to VEGF-A and increased 2-fold in response to VEGF-C relative to HUVEC/X controls ( Figure 3C ). These experiments indicate that Notch modulates the response of HUVEC to angiogenic factors by making them more responsive to VEGF-C and less responsive to VEGF-A through its induction of VEGFR-3.
We next asked if the Notch-mediated induction of VEGFR-3 promoted serum-free survival in response to VEGF-C. Ad-LacZ- and Ad-VEGF-C-infected HUVEC/X and HUVEC/N1IC were plated at subconfluency in basal medium with or without serum and cell viability determined 3 days later. In the absence of serum, VEGF-C did not promote survival of the HUVEC/X controls ( Figure 3D ). In contrast, VEGF-C increased HUVEC/N1IC cell survival more than 5-fold ( Figure 3D ). The addition of serum increased endothelial cell survival of VEGF-C-expressing HUVEC/N1IC similar to the increase observed for LacZ- and VEGF-C-expressing HUVEC/X and LacZ-HUVEC/N1IC. Taken together, these data suggest that induction of HUVEC survival by VEGF-C is dependent on the induction of VEGFR-3 by Notch.
VEGF-C can bind and activate both VEGFR-2 and VEGFR-3, but Notch-mediated HUVEC survival is most likely to occur via VEGFR-3, as VEGFR-2 expression is downregulated by Notch (Figure 3,  A and B) . To confirm this hypothesis, we introduced a siRNA against VEGFR-3 into the HUVEC/N1IC line. The VEGFR-3 siRNA suppressed the Notch-mediated induction of VEGFR-3 by nearly 39% relative to a control siRNA (Figure 3, E and F) . When the VEGFR-3 siRNA was introduced into the Ad-VEGF-C-infected HUVEC/NI1C, endothelial cell survival was reduced 40%, consistent with the inhibition of VEGFR-3 expression by the VEGFR-3 siRNA ( Figure 3G ). Thus we conclude that Notch promotes VEGF-Cmediated endothelial survival via the upregulation of VEGFR-3.
Notch promotes VEGF-C-mediated morphological changes in HUVECs.
We have found that Notch signaling promotes HUVEC morphological changes as seen by the extension of processes into the underlying extracellular matrix (Figure 4 ; ref. 37). We asked whether Notch signaling would affect HUVEC morphological changes in response to VEGF-C. HUVEC/X and HUVEC/N1IC infected with Ad-LacZ, Ad-VEGF-A 165 , or Ad-VEGF-C were plated at subconfluency on a fibrin matrix in complete medium. After 6 days, none of the Ad-infected HUVEC/X extended processes into the underlying matrix ( Figure 4A ). VEGF-A- and VEGF-C-expressing HUVEC/X proliferated relative to the Ad-LacZ endothelial control consistent with the known stimulatory function of these angiogenic factors (data not shown). All adenovirally infected HUVEC/N1IC lines underwent morphological changes, including elongation of the cells and extension of processes into the underlying fibrin matrix ( Figure 4B ). However, the number of extensions differed between cell types. Ad-LacZ-infected HUVEC/N1IC developed an average of 2.14 ± 1.07 processes per cell, as compared with Ad-VEGF-A (2.67 ± 0.52 per cell) and Ad-VEGF-C (4.83 ± 1.69 per cell) ( Figure 4B ). Thus VEGF-C was a more potent inducer of endothelial cell morphological changes than VEGF-A when Notch signaling was activated in HUVECs.
Notch upregulates VEGFR-3 in murine embryonic vasculature. Having established that Notch induced VEGFR-3 in vitro, we examined whether Notch also upregulated VEGFR-3 in the vasculature of murine embryos. We used transgenic embryos in which Notch4 had been constitutively activated specifically within the vascular endothelium under control of the VEGFR-2 promoter (Tie1 LacZ ;Flk1 N4/int-3 ). These transgenic embryos die at E10.5 due to hemorrhaging and vascular defects (8). Day 9.5 Tie1 LacZ ;Flk1 N4/int-3 and phenotypically normal Tie1 LacZ embryos were isolated and whole-mount immunostaining performed with antibodies against VEGFR-3 or the endothelial cell marker PECAM. We focused our analysis on less severely affected double transgenic embryos (Tie1 LacZ ;Flk1 N4/int-3 ) so as to minimize the difference of endothelial cell numbers between the 2 groups. As compared with Tie1 LacZ controls, Tie1 LacZ ;Flk1 N4/int-3 embryos have less PECAM, as well as less VEGFR-3, staining in the head and brachial arches, commensurating with the loss of capillary vessels that results from defects in vascular remodeling ( Figure 5, A and B) . Consistent with this observation, qRT-PCR of RNA isolated from pooled embryos revealed a 2-fold decrease in VE-cadherin expression in the Notch4 endothelial gain-of-function embryos (data not shown).
In contrast to the caudal portions of the embryos, the PECAM staining of intersomitic vessels appeared to be similar between the 2 embryonic phenotypes ( Figure 5, C and D) , whereas VEGFR-3 was more strongly expressed in the intersomitic vessels of the Tie1 LacZ ;Flk1 N4/int-3 embryos as compared with the Tie1 LacZ controls ( Figure 5, G and H) . In zebrafish, the sprouting intersomitic vessels are one of the sites of VEGFR-3 expression outside of the venous endothelium (38) . qRT-PCR analysis of RNA isolated from pooled embryos confirmed a nearly 2-fold increase in VEGFR-3 transcripts in the Tie1 LacZ ;Flk1 N4/int-3 embryos relative to the Tie1 LacZ embryos ( Figure 5I ). This was similar to the induction of the known endothelial Notch target genes, EphrinB2 and Hey2 ( Figure 5I ). (25) mice and analyzed the genotypes of the offspring. As expected, Notch1 +/-or VEGFR3 +/-mice were viable. We observed a greater than 50% reduction in the viability of Notch1 +/-;VEGFR-3 +/-doubly heterozygous mice ( Table 2) . As embryos nullizygous for either Notch1 or VEGFR-3 display severe vascular abnormalities at E9.5 (4, 25) , embryos from Notch1 +/-and VEGFR-3 +/-crosses were isolated at this stage and whole-mount immunohistochemistry for PECAM performed ( Figure 6, A-F) . Vascular development of Notch1 +/-and VEGFR3 +/-embryos was similar to wild-type littermates. The majority Notch1 +/-;VEGFR-3 +/-embryos were smaller in size than their littermates but were not developmentally delayed, as they contain the same number of somites ( Figure 6 , A-C, and data not shown). In more than half of these double mutant embryos, vascular development was severely disrupted. In the affected embryos, the overall PECAM staining was reduced compared with Notch1 +/-and VEGFR-3 +/-embryos ( Figure 6 , A-C). These Notch1 +/-;VEGFR-3 +/-embryos had coarctation and disorganization of the dorsal aorta ( Figure 6F ). The intersomitic vessels of the double heterozygous embryos appeared structural, similar to their heterozygous littermates, but stained weaker for PECAM (Figure 6,  D-F) . We also observed a reduction in the PECAM staining in the left and right atria of the primary heart tube of the double mutant embryos, indicative of reduced endothelium ( Figure 6F ), though their hearts were beating.
Notch1 and VEGFR-3 genetically interact to regulate embryonic vascular development. To determine if Notch and VEGFR-3 genes interact to regulate vascular development, we mated Notch1 +/-(4) and VEGFR-3 +/-
As the VEGFR-3 +/-gene is disrupted by the introduction of LacZ (25), we also performed whole-mount β-galactosidase staining on E9.5 embryos (Figure 6 , G-J). Strong vascular β-galactosidase staining was observed in the cranial and posterior blood vasculature, and weaker staining was observed in the area of the dorsal aorta and intersomitic vessels of VEGFR-3 +/-embryos ( Figure 6 , G and I). In the Notch1 +/-;VEGFR-3 +/-embryos, there were fewer vessels that stained for β-galactosidase ( Figure 6H ). Moreover, vessels that stained positive for β-galactosidase also showed a reduction in the β-galactosidase expression consistent with Notch1 promoting vascular expression of VEGFR-3. These effects were most evident in the cranial vasculature ( Figure 6 , I and J). There was reduced density of β-galactosidase-positive vessels in the anterior portion and almost complete loss of these vessels in the ventral region of the head ( Figure 6J ). Taken together, these results indicate that the reduced VEGFR-3 expression of the wild-type allele in Notch1 +/-;VEGFR-3 +/-embryos compromises vascular development, resulting in embryonic lethality.
Notch and VEGFR-3 are coexpressed in the vasculature of the murine ovary. In the adult, the ovary is an organ of robust physiological angiogenesis, required for development of follicles and corpus A n = 125; P > 0.1. B n = 210; P < 0.001.
luteum formation. During folliculogenesis, a dramatic increase in vessel density occurs in the theca layer surrounding the granulosa cells and oocyte that later regresses after ovulation ( Figure 7 , K and L; refs. 39-41). After oocyte release, the follicle granulosa cells proliferate rapidly to form the corpus luteum. As the corpus luteum matures, a vascular network of blood vessels derived from the thecal layer grow into the corpus luteum via the process of angiogenesis ( Figure 7J ; refs. 42, 43) . Since the ovary is an active site of adult physiological angiogenesis, we determined the expression patterns for Notch4 and VEGFR-3 in the vasculature of the theca layer and corpus luteum. Notch4 and VEGFR-3 had an overlapping expression pattern in the angiogenic vessels of the corpus luteum ( Figure 7 , A-C) and in mature and angiogenic vessels of the theca layer ( Figure 7 , D-I). Notch1 was also expressed in the BECs of the ovary (data not shown; ref. 44) . Thus Notch1 and Notch4 and VEGFR-3 are expressed in the vasculature of the ovary, suggesting a role for Notch/VEGFR-3 signaling in follicular angiogenesis. Notch, VEGFR-3, and LYVE-1 are coexpressed in the vasculature of the murine skin. After the formation of the embryonic blood vasculature, VEGFR-3 expression becomes mostly restricted to the lymphatic endothelium and regulates lymphangiogenesis (20, 29, 45, 46) . Thus we explored whether Notch1 or Notch4 were coexpressed with VEGFR-3 in the lymphatic vasculature. We evaluated the expression of Notch1 and Notch4 in the vasculature of the dorsal skin isolated from P4 mice, as the dermal vasculature consists of both blood and lymphatic vessels (29) . Five-micron cross-sections of skin were costained with antibodies against Notch1 or Notch4, and VEGFR-3 or PECAM (Figure 8 ). Notch1 and Notch4 share an overlapping pattern of expression with the BEC and LEC marker PECAM (Figure 8 , A-C and J-L). We also observed expression of Notch4 with 2 different antibodies in the hair follicles ( Figure 8 , K, N, and Q, and data not shown). As we observed in the ovary, Notch1 and Notch4 were coexpressed with VEGFR-3 in the dermal vasculature (Figure 8 , D-F and M-O). As VEGFR-3 has been reported to be restricted to the lymphatic vessels of the skin, we also evaluated the expression of Notch1 and Notch4 and the LEC specific marker, LYVE-1. Both Notch1 and Notch4 were coexpressed with LYVE-1 in the dermal lymphatic vessels (Figure 8 , G-I and P-R). Thus we report for the first time that Notch1 and Notch4 are expressed in the lymphatic vessels of the neonatal dermis.
Notch, VEGFR-3, and LYVE-1 are coexpressed in human invasive micropapillary breast carcinomas. Previous studies have shown that both the Notch ligand, Dll4, and VEGFR-3 are strongly expressed in the vasculature of breast ductal carcinomas, suggesting a role for Notch and VEGFR-3 in tumor angiogenesis and lymphangiogenesis (26, 47) . Thus we next analyzed the expression of Notch1 and Notch4 in human invasive micropapillary breast carcinomas (IMCs). IMCs are aggressive tumors that have a high propensity for high lymphatic vessel density, lymphovascular invasion, and lymph node metastasis (48) . Five-micron paraffin sections were costained with antibodies against Notch1 or Notch4, and VEGFR-3 or LYVE-1 ( Figure 9 ). Notch1 and Notch4 shared an overlapping expression pattern with VEGFR-3 in both the blood and lymphatic vasculature of IMC ( Figure 9 , A-F). Costaining with antibodies against Notch1 or Notch4 and LYVE-1 revealed that both Notch proteins are expressed in the extratumoral LECs (Figure 9, G-N) . Notch4 expression was also observed in cells adjacent to the lymphatic vessels ( Figure 9N ). As expression of the Notch receptors does not necessarily mean that the Notch is actively signaling, we also costained with the lymphatic endothelial marker podoplanin and an antibody that recognizes the active Notch1 peptide that has been processed by γ-secretase/presenilin (N1Val; Figure 9 , O-Q). Expression of the activated Notch1 peptide was observed in the majority of the lymphatic endothelial nuclei, indicating that Notch1 is expressed and actively signaling in the lymphatic vessels of IMCs ( Figure 9Q ).
Discussion
Mouse genetic studies have demonstrated that Notch signaling is required for proper patterning of the embryonic vasculature (49) . Notch in complex with the CSL transcription factor is thought to regulate cell fate decisions by inducing tissue-specific genes that modulate the ability of cells to respond to extracellular cues. Consistent with this hypothesis, Notch has been proposed to regulate angiogenesis via the induction of ephrinB2 (15, 16) and the suppression of VEGFR-2 (32, 36, 50) . Both of these Notch target genes likely lie downstream of the HES/Hey proteins. Here we describe VEGFR-3 as a direct target of Notch/CSL transactivation in endothelial cells, and what we believe to be a novel mechanism of angiogenic regulation by Notch. Like Notch, VEGFR-3 is essential for embryonic blood vessel remodeling (3) (4) (5) (6) (7) 25) . We found that Notch1 and VEGFR-3 genetically interact to regulate embryonic vascular development. In addition, Notch signaling through the direct upregulation of VEGFR-3 promotes BEC survival and morphological changes in response to VEGF-C. Our studies further suggest that both Notch1 and Notch4 may function in the lymphatic vessels as well as blood vessels.
Notch in complex with CSL binds to and transactivates VEGFR-3. It has been suggested that the endothelial expression of VEGFR-3 is regulated at both the transcript and protein levels (28, 29) , yet little is known about these regulatory mechanisms. The portion of VEGFR-3 promoter that specifically drives expression of VEGFR-3 in BECs and LECs has been previously described (28) . We identified 3 CSL consensus sequences (-747, -574, and -565) in this same VEGFR-3 regulatory region (Figure 2A) . The mFlt4p 1116-45 reporter encoding these same 3 CSL consensus sites was transactivated by Notch in endothelial cells but not in non-endothelial cells. Notch and additional endothelial cell-specific transcription factors may interact to regulate expression of VEGFR-3 in endothelial cells. Further confirming that the Notch/CSL complex directly activates VEGFR-3, Histone3 was acetylated upstream of VEGFR-3 upon Notch activation. In transgenic embryos, Notch4 signaling induced VEGFR-3 within the intersomitic endothelium but not within other endothelial cell types, suggesting that other angiogenic factors cooperate with Notch to transactivate VEGFR-3. Thus we present a mechanism for driving expression of VEGFR-3 in BECs. These studies further indicate that VEGFR-3 signaling may be elemental to the function of Notch in the development of vascular systems.
Notch1 and VEGFR-3 cooperate to regulate vascular development. Disruption of either Notch1 or VEGFR-3 signaling in mice results in embryonic lethality prior to E10.5 (4, 25) . Both knockout embryos display collapsed dorsal aorta and cardinal veins and disrupted cranial and yolk sac vascular remodeling. We observed that disruption of one allele of Notch1 and VEGFR-3 phenocopied the dorsal aorta and cranial vascular defects present in either single nullizygous embryo. At this embryonic time point, Notch1 and VEGFR-3 have been described to have an overlapping expression pattern in the aorta and cranial vasculature (25, 45, 51, 52) . In addition, these double heterozygous mutant embryos were growth retarded, similar to what has been described for VEGFR-3 -/-embryos (25) . As Notch directly transactivates VEGFR-3, we thus propose that Notch1 and VEGFR-3 signaling cooperate to regulate embryonic aortic and cranial vascular development. In the adult vasculature, we show that Notch1 and Notch4 are coexpressed with VEGFR-3 in the angiogenic vessels of the murine corpus luteum and theca layer of ovary. Therefore, we speculate that the Notch-mediated induction of VEGFR-3 has a role in regulating the vascular development of a subset of blood vessels in the embryo and may also have a function in adult physiological angiogenesis. Alternatively, Notch1 and VEGFR-3 may function in parallel pathways to effect vascular development.
Notch via its induction of VEGFR-3 mediates VEGF-C induced endothelial cell survival and morphological changes.
The concept that Notch and VEGFR-3 signaling may cooperate to regulate endothelial cell fate determination is supported by our observations that mice doubly heterozygous for null alleles of VEGFR-3 and Notch1 display embryonic vascular remodeling defects and that Notch activation within the endothelium results in VEGFR-3 misexpression. Consistent with this hypothesis, we find that Notch, via induction of VEGFR-3, promoted endothelial cell survival and morphological changes in response to VEGF-C. In endothelial cells, activation of Notch has been shown to inhibit apoptosis and promote survival of endothelial cells (53, 54) . We propose that Notch can regulate VEGF-C-mediated endothelial cell survival by inducing VEGFR-3, as blocking the expression of VEGFR-3 after Notch activation suppressed endothelial cell survival in response to VEGF-C. VEGFR-3 signaling has also been shown to promote differentiation of BEC in culture (55) . We found that VEGF-C was a potent inducer of endothelial cell morphological changes when Notch signaling was activated. Therefore, Notch may also function to promote VEGF-C-induced BEC morphological changes via its induction of VEGFR-3. However, it remains to be determined if Notch alone or through its regulation of VEGFR-3 expression also promotes LEC survival.
Notch modulates the ability of endothelial cells to respond to their extracellular environment. Notch signaling is thought to regulate multipotent cell fate decisions by ensuring that the proper number of cells responds to the milieu of extracellular factors. Angiogenesis requires endothelial cells to respond to a variety of external stimuli such as those provided by bFGF, VEGF, ephrins, and angiopoietins (56, 57) . Thus we propose that Notch achieves this by altering the expression of receptors at the cell surface of endothelial cells. We show that Notch signaling suppresses VEGFR-2 expression, while dramatically increasing VEGFR-3 expression in primary endothelial cells. Consistent with this reciprocal change in expression, the survival of HUVECs in which Notch signaling was activated was reduced in response to VEGF-A and increased in response to VEGF-C. Thus Notch signaling may regulate endothelial cell fate decisions by decreasing VEGFR-2- and increasing VEGFR-3-based signaling. A similar role for Notch signaling in regulating expression of VEGFRs has been proposed during postnatal retinal angiogenesis. In the retina of Dll4 +/-mice, the disruption of Notch signaling correlated with an increase in vascular density, an increase in VEGFR-2, and a reduction in VEGFR-1 endothelial expression (50) .
VEGFR-2 and VEGFR-3 are able to form a heterodimeric complex (58) , and this VEGFR complex has been suggested to maintain vascular integrity and promote angiogenesis (59) . In fact, VEGFR-3 cooperates with VEGFR-2 during morphogenesis of the intersomitic arteries in zebrafish (38) , indicating a wider role for VEGFR-3 in the vasculature than previously appreciated. Loss of the zebrafish Hey2 homolog, gridlock, inhibits the sprouting of the intersomitic arteries, similar to the effect observed when VEGFR-2 and VEGFR-3 signaling is disrupted (13) , suggesting a role for Notch signaling in regulating VEGFR-2 and VEGFR-3 function. We demonstrate that Notch activation within the murine embryonic endothelium promoted VEGFR-3 expression within the developing intersomitic vessels. Thus we propose that Notch may differentially regulate VEGFR-2 and VEGFR-3 expression to guide the formation of specific vessels such as the intersomitic vasculature.
Notch in physiological and pathological lymphangiogenesis. VEGFR-3 expression has been reported to be restricted to the lymphatic endothelium in the dermis (29) . Within the dermis, we found that Notch1 and Notch4 are coexpressed with VEGFR-3 and the LEC marker LYVE-1, demonstrating that Notch1 and Notch4 are expressed in the lymphatic endothelium. The coexpression of Notch1 and Notch4 within the lymphatic endothelium may indicate that these receptors compensate for each other and may explain why a lymphatic phenotype has not yet been observed in the viable Notch4 knockout mice (4) . Similar to findings in murine skin, Notch1 and Notch4 were coexpressed with VEGFR-3 in the extratumoral blood and lymphatic vessels of IMCs. The cleaved and activated Notch1 peptide was observed in a subset of the lymphatic endothelial nuclei, indicating that Notch1 is not only expressed but is activated in tumor lymphatic vessels. In IMCs of breast, VEGF-C, via VEGFR-3 signal activation, has been proposed to promote LEC proliferation, tumor lymphatic invasion, and tumor metastasis (60) . Thus our findings implicate Notch1 signaling in tumor lymphangiogenesis. Could Notch signaling participate in pathological tumor lymphangiogenesis and contribute to metastatic disease in the breast? If so, therapeutic Notch antagonists may block breast tumor metastasis by disrupting VEGFR-3 signaling, in turn perturbing tumor lymphangiogenesis and angiogenesis.
Methods
Constructs and cell culture. N4/int-3 (Genbank accession no. M80456; ref. 30) , GFP, and LacZ cDNAs were engineered in the vector pAd-Lox. The N4/int-3 construct encodes 1 HA epitope at the 3′ end. The Ad-N1IC encodes the cytoplasmic domain of human Notch1, generously provided by Paulo Dotto (University of Lausanne, Lausanne, Switzerland) (61) . Human VEGF-A 165 and VEGF-C cDNAs were generated by RT-PCR and engineered in pAdLox. Adenovirus was generated and tittered as previously described (62) . For retroviral infection, LacZ or the entire murine cytoplasmic domain of Notch1 was engineered into pHyTc.
